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1 Introduction  
1.1 Structural health monitoring 
Civil infrastructure systems are valuable national assets that should be properly maintained to 
ensure public safety and a high quality of life. According to U.S. Department of Transportation- 
Federal highway administration (FHWA) December 2011 data, among total of 605,086 bridges 
all over the US more than 23% of the bridge are classified as deficient. Among which 11.15% of 
them are structurally deficient and 12.62% functionally obsolete. In a report prepared by 
American Society of Civil Engineers (ASCE) on 2009 estimated $2.2 trillion of total investments 
in five years for full restoration. This number is only going to grow as more than 30 percent of 
the existing bridge have exceeded their 50-year theoretical design life and are in various levels of 
repair, rehabilitation, replacement or even decommissioned (FHWA 2011). The well-publicized 
example of the collapse of I-35 Bridge in Minnesota showed the importance of proper 
monitoring and maintenance.  Therefore, the current status of our infrastructure should be closely 
monitored to prevent probable catastrophic failure. 
To date, bridge maintenance has relied on schedule driven and unreliable visual 
inspection.  Visual inspections are highly variable, lack resolution, and fail to detect damage 
unless it is visible (Chase, 2005).  As a result, structurally deficient and even dangerous bridges 
may be left undiscovered, potentially putting the public at risk. Therefore, more automated and 
reliable methods of inspection are necessary. 
Structural health monitoring (SHM) is a mature research field that investigates the current 
condition of structures by measurement, modal analysis, and condition assessment. SHM refers 
to implementation of damage identification strategies to the civil engineering infrastructures 
(Farrar and Worden, 2006). Damage means the degradation of the performance of the structure 
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which is mainly due to change in material properties, boundary conditions and system 
connectivity. Our structures are designed to perform well under certain loading and 
environmental conditions with certain lifespan. However the actual situation might not always be 
the same, performance of structures degrades with time and moreover, there are uncertainties 
associated, such as the seismic events, tsunamis, explosions. SHM helps us to keep track of the 
performance level of the structures by improving safety and maintaining its functionality which 
ensures safety. After the occurrence of any catastrophic events such as earthquake and 
explosions there is no quantifiable method to check whether the buildings are safe to reoccupy or 
the bridges are safe to use (Farrar and Worden, 2006). The continuous automated SHM can be a 
solution for the above mentioned problem. As the principles of SHM and its applications is not 
only in the inspection of existing infrastructure but also lifetime monitoring of future 
construction projects (Spencer and Cho, 2011). The increased interest of the infrastructure 
owners in SHM is due to its potential for the economic benefits and life safety of the users. 
Numerous SHM methods have been proposed in recent years; detailed reviews are provided by 
Doebling et al. (1996) and Sohn et al. (2003).  
Though the researchers have been identifying new and sophisticated methods for SHM, 
challenges remain before such methods can be applied routinely to bridge structures in the field. 
In most of the application of SHM vibration is the major thing that is measured because it is easy 
to do so. Besides vibration another critical safety indicator of SHM is displacement. There are 
many commercially available displacement sensors in the market but there is no displacement 
sensor based on wireless smart sensing technology. So the objective of my research is to develop 
the hardware for displacement sensing using wireless smart sensors and deploy the developed 
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system in full-scale bridge structure. The sensor will be relatively low cost and can be deployed 
rapidly in the field.  
 
1.2 Wireless smart sensors 
Only within the past century have scientists used electronic devices to verify the behavior of 
materials used to construct our society’s infrastructure. As electronics technology has evolved, it                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
has become more commonly available, and useful, to structural engineers in both the research 
and professional arenas. Increasingly, monitoring the health of structures will not be solely a 
function of an annual physical, or visual, inspection by structural engineers. Engineers now, and 
in the future, will need to use technology in the field to help them verify the behavior of that 
which they have learned to analyze and design.  As more structures are instrumented, we will 
learn more about their behavior and this can lead to more economical ways to build and maintain 
them.  
With the advancement in the electrical circuits, Microelectromechanicalsystems (MEMS) 
and network technology, wireless smart sensor network (WSSN) has shown significant potential 
for replacing existing wired SHM systems due to their cost effectiveness and versatility. Wireless 
smart sensors offer a solution for long-term, scalable SHM of civil infrastructure by providing 
easier installation and efficient data management at a lower cost than traditional wired 
monitoring systems. Specifically, the wireless sensor unit (IMOTE 2 and Sensor board) 
mentioned in this thesis possesses multiple sensor channels and costs less than $500. As far as 
installation time and effort is concerned, it less than the wired sensor network installation. The 
on-board computation capacity of WSS helps to mitigate the problem of data inundation that is 
intrinsic to densely instrumented structures (Jang et al., 2010). Moreover, the on-board 
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microprocessor present on each sensor can be used for digital signal processing, self-diagnosis, 
self-calibration, self-identification and self-adaptation functions (Spencer and Cho 2011).  
Several researchers have employed wireless sensors to monitor bridge structures in full 
scale. Some of the example of full scale application of wireless SHM are Geumdang Bridge, 
Korea (Lynch et al., 2006), Golden Gate Bridge, USA, (Pakzad, 2008), Jindo Bridge, Korea 
(Jang et al., 2010), Mahomet Bridge, USA (Jang et. al 2011). The researchers have provided 
important insight into the opportunities and challenges for WSSN technology for long-term 
monitoring. Critical issues identified include: (i) power management, (ii) energy harvesting, (iii) 
fault tolerance, (iv) autonomous operation, and (v) environmental hardening. On top of these 
issues, high fidelity wireless sensor boards are limited in the field of SHM for civil infrastructure.  
To date, a few wireless sensor board have been developed to monitor acceleration, wind, 
and atmospheric information for civil infrastructure (Lynch et al, 2006; Rice and Spencer, 2009; 
Jo et al, 2010). Common feature of these sensor boards was acceleration-measurement capability 
with data acquisition. Though acceleration is relatively convenient to measure in the field, 
displacement is direct and more insightful measure especially for bridges. The displacement data 
will be directly correlated into local bridge strength information, stiffness of entire structure, 
which will assist to locate possible structural damage. The temperature-induced displacements at 
the extension joints, deflection changes of bridges over time, and vibration and serviceability 
issues should be considered in SHM of such structures.  
In this research, a multi-scale wireless sensor board with displacement measuring 
capability has been developed. A high resolution displacement transducer is employed for 
developing hybrid sensing system with state-of-the-art microprocessor. The developed system 
was calibrated and its performance has been validated in a lab-scale truss bridge at University of 
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Connecticut. The lab scale 14 bay truss was designed, fabricated and assembled on the lab (See 
Appendix I). The system identification of the truss was done by vibration test. The truss model 
was built on MATLAB and model updating was done to match the experimental natural 
frequencies. A damage detection method known as stochastic damage locating vector (SDLV) 
method was used to find the damage location on the truss when replaced by a damaged member. 
Furthermore, the developed displacement sensing system is then deployed on full-scale highway 
bridges in Connecticut. The full scale bridges were used as test bed is the Meriden Bridge and 
the Founders Bridge where the developed system was used to measure the expansion joint 
displacement due to the temperature under the ambient vehicle load. 
 
1.3 Overview of the thesis 
This thesis is organized in two parts in seven chapters. The first part consists of chapter 1 to 4, 
which is about development of hybrid sensing system for SHM. The second part consist chapter 
5 and 6, in which the lab scale damage detection and full scale damage detection of in-service 
highway bridge is discussed.  Chapter 1 serves as an introduction to the topic and to give 
background information on the motivation behind SHM and wireless sensors.  In chapters 2, the 
literature reviews about damage detection and displacement sensing technologies that are use are 
reviewed. Chapter 3 is focused on the multi-scale wireless hybrid sensing system. This section 
also includes the system identification of a lab scale truss model and modeling of the truss using 
MATLAB. Furthermore, the model updating was done with respect to the lab scale experiment 
result. The later section of the chapter provides the lab scale validation of the WHS system both 
for static and dynamic measurements. Then the system was deployed in a full scale bridge.  
6 
 Chapter 4 discusses the deployment of multi-scale hybrid sensing device in an in-service 
highway Bridge including the Meriden Bridge and Founders Bridge. The Meriden Bridge is a 
multi-girder steel composite bridge of single span where the WHS system was installed for short 
time period to measure the displacement of expansion joint due to ambient vehicle loading. 
Another test bed is the Founders Bridge which is a steel stringer bridge over Connecticut River. 
For the Founders Bridge the system was installed for a day to measure the displacement due to 
change in temperature. 
   In the second part, Chapter 5 describes the damage detection on a lab scale truss bridge 
for mass perturbation case using SDLV method. The chapter starts with introduction to 
flexibility based damage detection and introduction to damage locating vector (DLV) method 
and SDLV method.  Chapter 6 describes the full scale damage detection of an in service highway 
bridge i.e. a Flyover Bridge at Hartford using SDLV method. In this chapter vibration data 
collected at different times i.e. November 2001 and October 2003 are analyzed and the possible 
damage location was predicted using SDLV method. Finally, the chapter is concluded by 
comparing the analysis result with the visual inspection report provided by ConnDOT.  
Finally, Chapter 7 presents the conclusions of the thesis and a discussion of the future work. 
Appendix-I provides the brief description of the lab scale truss assembly from a single member 
to a lab scale truss bridge. In appendix II the details of hardware connection for WHS system and 
the software usage for data collection through the WHS system is presented. Appendix III 
explains the details on the calibration of the developed wireless hybrid sensing (WHS) system. 
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2 Literature Review  
In this chapter in the first part literature review of vibration based damaged detection is presented 
up to the recent publication and the literature review about the displacement sensing is presented 
in the second section.  
 
2.1 Vibration based damage detection strategy 
SHM is a multiple Process which includes long term dynamic response measurement from 
the structure using different array of sensors, and extraction of sensitive features from the 
measurements and finally the analysis of these features to determine the current status of the 
structure (Sohn et. al, 2003). The two main categories of SHM are nondestructive evaluation 
(NDE) using pattern recognition, and vibration-based damage detection. The former approach 
requires a priori information of damage and is often time consuming and expensive, also access 
to damaged members may not always be possible for the detailed evaluation. Furthermore, NDE 
requires detailed scanning of local members; it is not feasible for large scale infrastructure. The 
idea of vibration-based SHM method is that modal property changes are affected by the physical 
changes in a structure. Damage causes changes in structural parameters such as mass, damping, 
stiffness and flexibility of a structure. These changes in the physical properties will cause 
detectable changes in the modal properties, which can be measured with a limited number of 
sensors. Therefore, the vibration-based method is suitable for SHM system for large civil 
infrastructure. 
Several methods have been proposed for the vibration based SHM such as SHM based on 
changes in natural frequencies, mode shapes, stiffness etc. Early research has shown that natural 
frequencies and mode shapes are much less sensitive to local structural damage (Chen et al, 
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1995). For a few controlled lab-scale experiments, the decrease in natural frequencies was 
observed when the level of damage was severe or the measurement was precise (Carden and 
Fanning, 2004). Berman and Flannelly (1971) showed that the stiffness matrix is dependent on 
higher modes compared with the lower modes and it requires a close estimate of the stiffness 
matrix for damage localization. In most experimental surveys, only a few low-frequency modes 
can be measured correctly due to the practical limitations.  
Pandey and Biswas (1994, 1995) presented a damage localization algorithm based on 
changes in the measured flexibility matrices, and showed that the damage localization could be 
achieved using just the first few modes. Toksoy and Aktan (1994) used dynamically measured 
flexibilities for damage localization of a reinforced concrete bridge which was subjected to 
progressive damage tests. They examined the cross-sectional deflection profiles with and without 
a baseline data set. They observed that anomalies in the deflection profile can indicate damage. 
Doebling and Farrar (1996) used local flexibility concepts for damage detection from 
both ambient and forced vibration tests on a 7-span simply supported decommissioned Highway 
Bridge in New Mexico. They tested four methods of normalizing the mass matrices and then 
used the flexibility matrix to locate damage. All the methods produced similar results; however, 
the result demonstrated that the modes from ambient vibration data were as good as the modes 
obtained from forced vibration data for flexibility based damage detection. 
Bernal (2002) proposed a flexibility-matrix-based damage localization method, the 
Damage Locating Vector (DLV) method. The DLV method has advantages in that structural 
responses do not need to be measured at all the DOFs, though small numbers of sensors result in 
limited damage detection capability. A set of load vectors, known as DLVs, are computed from 
the singular value decomposition of the change in the dynamically measured flexibility matrices 
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before and after damage. The DLVs are applied as static forces on the undamaged finite element 
model, and the elements with zero stress give the candidate damage location. However, the DLV 
method requires input excitation, Bernal (2006) proposed stochastic DLV (SDLV) method which 
employs output-only information for damage detection by defining a surrogate flexibility matrix. 
The surrogate flexibility matrix shares the SDLVs with the flexibility matrix, of which derivation 
and proof are also shown in Bernal (2006). He provided the numerical simulations to show the 
validity of this approach. Bernal (2007) introduced dynamic damage locating vector (DDLV) 
method which was a background for Bernal (2010) stochastic dynamic damage locating vector 
(SDDLV) method. This method was useful for damage localization using output only 
information and to provide more information on structural damage employing dynamic 
flexibility matrices. 
Gao and Spencer (2002) improved the DLV method by accounting for variations in 
ambient loading. The researchers combined flexibility matrix based damage localization method 
with a modal expansion technique to eliminate the need to measure the input excitation using the 
Natural Excitation Technique (NExT) (James et al, 1993) in conjunction with Eigensystem 
Realization Algorithm (ERA) (Juang and Pappa, 1985) to extract modal parameters. They 
proposed the appropriate strategies for the damage detection of single and multiple damage 
scenarios using the DLV method. The developed method was experimentally validated on a lab-
scale truss bridge. 
To explore the efficacy of flexibility-based damage detection method for in-service 
bridge structure, Zhao and DeWolf (2002) compared the sensitivity of natural frequencies, mode 
shapes, and modal flexibility matrices with respect to temperature changes. The sensitivity 
analysis was conducted using a series of ambient vibration data measured from a two span 
10 
bridge. The acceleration time histories had been measured from 14 sensors for 2 years. The 
researchers proposed a modified damage index based modal flexibility using normalized mode 
shapes. The modified flexibility matrix magnifies the changes in stiffness induced by 
temperature fluctuation. However, the scope of their work did not cover the detection of the 
specific damage location. 
Sohn (2011) proposed laser based SHM system; the researcher developed a fully 
noncontact laser ultrasonic system with wireless power and data transmission scheme. He also 
presented the application of the laser ultrasonic to various civil mechanical and aerospace 
systems. Researcher performed a laser scanning of outside surface of a steel box girder bridge to 
find hidden crack inside the girder.  Though the system can be used for damage localization but 
for large structure scanning the whole structure will take significantly large time. 
 
2.2 Displacement sensing technology 
Displacement is considered as one of the critical safety indicators for health monitoring; however, 
accurate calculation and measurement of the displacement is difficult. Though displacement is 
the important descriptor of structural behavior, it is difficult to measure the displacement of 
large-scale structures due to difficulty to define reference point of displacement and 
inaccessibility to the measurement point to install sensors. The sensing technology to measure 
displacement is not yet feasible for large-scale bridge monitoring. Due to lack of sensing 
technology, displacement-based SHM had been limited.   
Most basic and mathematically straightforward method to measure displacement is 
double-integration of acceleration however Integration adds some errors due to approximation of 
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mathematical function leading to less accurate result. The advantage of displacement from 
acceleration is that acceleration can be easily measured. 
Celebi (1999) proposed using GPS displacement measurements for the SHM of structures 
with long periods. The technical feasibility of the sensing system was illustrated through tests 
conducted on two vertically cantilevered bars that simulate tall buildings, and an ambient test of 
a 44-story building. The test showed that GPS monitoring of long-period structures provide 
sufficiently accurate measurements of relative displacement. The author concludes that GPS 
measurements hold promise for the SHM of building structures. However, GPS technology is not 
designed to provide local measurements that would be needed to assess crack extent and location. 
Also a GPS is limited partly by multipath and cycle slips, relatively low frequency of data as 
well as need to have excellent satellite coverage and cannot be used in the areas with congested 
buildings.  
Nakamura (2000) proposed method for displacement measurement of suspension bridge 
girder displacement due to wind using GPS. The author concluded that GPS is a reliable method 
to find the gust response behavior of long span bridges. However the GPS is not considered 
reliable for the structures with small displacements. 
Some researchers used Laser Doppler Vibrometer (LDV) for displacement sensing. LDV 
is a non-contact vibration measurement technique which is based on the detection of the 
frequency shift of the light that is reflected back from the vibrating object to the source. Nassif et 
al. (2005) used the LDV to measure bridge girder deflection they compared the result with the 
deflection measured by LVDT which matched quiet well however the authors mentioned that 
LVDT system is not suitable for long-term bridge monitoring since it is oftentimes placed on the 
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ground underneath the bridge and cannot be left unattended. The other disadvantage of LDV is 
that it requires sophisticated equipment and is relatively expensive. 
Another well-known method of sensing the displacement is vision-based displacement 
measurement system. The basic principle of this system is use of digital image processing 
technique to find the displacement by continuous capture of image of the target. Whabeh et al. 
(2003) deployed the high-fidelity video camera in conjunction with laser tracking reference to 
measure displacement of the Vincent Thomas Bridge located in San Pedro, California. The 
targets consisted of black steel sheets 28 inches high by 32 inches wide, on which two high-
resolution red lights (LED) were mounted. Sophisticated signal processing techniques, including 
optical data reduction and a nonlinear Gaussian regression curve fit to determine the center of the 
high-intensity red spot, were applied to the entire optically recorded data of 30 minutes in off-
line manner due to computational time.  
Lee and Shinozuka (2006) developed a real-time displacement measurement system 
using digital image processing techniques, which can take the dynamic measurements with high 
resolution. The researchers compared the loading test data on a steel-plate girder bridge with 
three methods i.e. using contact type transducer, laser vibrometer and the vision based system 
with a good agreement in the result. The measurement system was verified on lab by shake table 
tests. 
Although some research have been conducted to develop the sensing system to measure 
the displacement of large-scale bridge structures, cost effective remote displacement sensing 
system is still limited. To overcome the difficulty to install displacement sensors on large-scale 
bridge structure, wireless displacement sensor is desirable due to its portability, on-board 
computing capability, and easy installation. Hence, the focus of this research is to develop a cost 
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effective hybrid displacement sensing system combining analog displacement sensor and 
wireless smart sensors. 
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3 Wireless hybrid sensing system  
In this chapter a multi scale hybrid sensor is developed (Jang et al 2012) calibrated and 
validated in the lab for its sensitivity and usability in the field. This chapter also presents the 
system identification and model updating of a lab scale truss bridge. And use of developed 
sensing system to measure the dynamic displacement of the roller support of the truss bridge. 
 
3.1 Multi-scale wireless sensor board 
The first goal is to develop multi-scale sensing devices which can measure synchronized data 
from various sensors including acceleration, temperature and displacement. The Department of 
Civil Engineering in collaboration with Department of Electrical and Computer Engineering 
worked together to develop an improved design of currently available commercial sensor boards 
in order to obtain higher sensitivity, better accuracy, and low power consumption. The developed 
sensor board is designed to interface with the imote2 smart sensor platform. This is a dedicated 
sensor board specifically for structural health monitoring (SHM) applications and is capable of 
providing the information required for comprehensive infrastructure monitoring.   
Imote2 developed by Intel is used as a transmission board (see Figure 3-1). The Imote2 
has fast CPU speed (416MHz maximum), abundant memory size of 256k of SRAM, 32MB of 
FLASH and 32MB of SDRAM. It enables on-board calculation of computationally demanding 
SHM algorithm. This board is programmed to interact with the sensor board using TinyOS 1.x, 
open source software currently used to program the IMOTE2. TinyOS 1.x is a Linux based 
operating system generally used to program sensors and sensor boards. This program is designed 
to be used on a Linux platform; however, it can be used on a Windows computer, such as the 
computers in the lab, through Cygwin.  Cygwin is an open source program that simulates a Linux 
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shell which requires command-line instructions. For operating Imote2, a NesC®-based software 
toolsuite, the Illinois SHM Project Services Toolsuite v.2.0 
(http://shm.cs.uiuc.edu/software.html), was used.  
 
 
 
 
(a) Imote2: Top and Bottom (http://embedded.seattle.intel-
research.net/wiki/index.php?title=Intel_Mote_2 ) 
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 (b) Stacked WS node 
Figure 3-1. Wireless smart sensor node using Imote2. 
 
 The specification of the multi-scale wireless sensor board is selected for the purpose of civil 
infrastructure SHM. The sensor board provides three axes of acceleration as well as light, 
temperature and humidity measurements.  The 4-channel analog to digital converter (ADC) can 
accommodate the addition of one external analog input signal which can read any sensors 
including strain sensor, anemometer, or displacement sensors. The detailed specification is 
shown in Table 3-1. 
 
 
 
 
 
 
Sensor 
Board 
External 
Antenna 
Battery 
Board 
Imote2 
Main 
Board 
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Table 3-1. Specification of components used in sensor board 
Accelerometer range ±1.5g 
Accelerometer Sensitivity 0.8 V/g 
Acceleration resolution 16 bit 
Temperature range -40 to 120 C 
Temperature sensitivity 0.02 %/C 
Temperature accuracy ±0.4 C 
Humidity Range 0 to 100 %RH
* 
Humidity Accuracy ±3.0 %RH
* 
Light Sensor range 0.1 to 40000 Lux 
Light Resolution 16 bit 
Overall Power Consumption 190 mW 
External Analog Regulated Input -10V to 10V  
   *
RH- Relative Humidity 
 In order to transmit data, the Quickfilter QF4A512 signal conditioning chip is used rather 
than a simple analog to digital converter. The Quickfilter chip provides a more accurate analog to 
digital conversion because it uses filters such as anti-aliasing filters (AAF) to prevent overlap of 
sampled data, and finite-input-response filters (FIR) to reduce high frequency noise caused by 
the timer in the ADC. These filters serve to condition the analog signal and reduce internal noise 
18 
and error. The accuracy and improved signal provided by the Quickfilter comes at the cost of 
high power consumption. This chip is accountable for about 95% of the total sensor board power. 
 To supply enough power for QuickFilter, a charging circuit with rechargeable batteries is 
also developed so that the power circuit utilizes a solar panel. The batteries are recharged during 
the day hours, this design allows the sensor board to transmit data for long periods of time, and 
reduces the number of times the system batteries have to be changed.  
The main components of the sensor board are accelerometer, light sensor, temperature 
sensor, humidity sensor, and the Quickfilter. The block diagram for this multi-scale wireless 
sensor board is shown in Figure 3-2. 
 
 
Figure 3-2. Block Diagram for multi-scale wireless sensor board 
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Figure 3-3. Layout of final design of Sensor Board 
 
The accelerometer used is manufactured by Freescale Semiconductor. It measures 3 axes 
(x, y, z) acceleration with high sensitivity of 800mV/g with a range of ±1.5g which suites 
designated task of precise vibration measurement perfectly. A 16-bit digital light sensor 
TSL2560, manufactured by Texas Advanced Optoelectronic Solutions (TAOS) with an output of 
4-144 counts/lux at 65536 counts was used on the WHS board. The SHT15 temperature and 
humidity sensor manufactured by Sensirion having temperature range of -40°F to 250°F and 
humidity range of 0% to 100% was used for temperature and humidity sensing. Finally, a 4-
channel analog signal conditioner QF4A512, designed by Quickfilter was also incorporated in 
the WHS board. The signal conditioner consist of  16-bit analog to digital converter and also 
implements anti-aliasing filters and finite-input response filters, both of those help reduce 
internal and external noise and possible data error. Although very useful in obtaining accurate 
data, it comes at a price of high power consumption, consuming about 240 mW of power (~90% 
of overall power). Figure 3-4 (a) and (b) below shows the top and bottom view of the multiscale 
sensor board built on University of Connecticut. 
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(a) Top side 
 
(b) Bottom side 
Figure 3-4. Multi-scale wireless sensor board  
 
 
 
 
  
Analog Input pin 
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Temp &  
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Data Acquisition 
     Chip 
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3.2 Wireless hybrid sensor  
The wireless hybrid sensor has been developed by combining the multi-scale wireless sensor 
board and a high-resolution displacement transducer. The analog device chosen for the 
development of this hybrid sensing system is Linear Variable Differential Transformer (LVDT). 
LVDT is a common type of electromechanical transducer that can convert the rectilinear motion 
of an object to which it is coupled mechanically into a corresponding electrical signal.  The 
LVDT has three solenoidal coils placed end-to-end around a tube, which consists of a primary 
coil and two secondary coils (see Figure 3-5).  A ferromagnetic core links the electromagnetic 
field of the primary coil to the secondary coils.  Differencing the output of these coils will result 
in a voltage proportional to the relative movement of the core versus the coils. 
 
  
22 
 
(a) Diagram showing interior of a LVDT 
 
(b) Generation of voltage due to movement of core 
Figure 3-5. Working principle of a LVDT (http://www.rdpe.com/ex/hiw-lvdtdc.htm) 
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The LVDT used for this research is manufactured by TRANS-TEK, Inc. model number 356-000 
DC gazing LVDT with the range of ±3 inch measurement range. The power is supplied to LVDT 
with a transducer manufactured by TRANS-TEK, Inc. Model number 1002. (Figure 3-6) 
 
Figure 3-6. Power supply transducer for LVDT 
 
The high resolution analog sensor is connected to wireless sensor board so that the data 
measured by analog sensor is recorded by the wireless sensor. The combination of these two 
analog and wireless sensors gives us the hybrid sensing system. The power is supplied to the 
analog sensor through the transducer which also measures the output voltage generated by the 
displacement of analog sensor. The output voltage signal is then fed into the fourth channel of 
wireless sensor with the help of a wire. The wireless sensor records the values corresponding to 
the voltage generated by the displacement of analog device. The readings of the wireless sensor 
are then converted into the physical displacement using the calibration chart that is discussed on 
appendix III. 
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3.3 Lab-scale validation 
3.3.1 Test-bed description 
The Test-bed used for the lab scale experiment and testing of the hybrid wireless sensor is a 
14 bay three dimensional truss structure (see Figure 3-7). This is located at the Smart 
Infrastructure Laboratory of the University of Connecticut. The truss has 14 bays, each of width 
1.5 ft in length. The truss sits on two rigid supports, connected to the strong floor. The truss is 
designed to be simply supported. One of the ends of the truss is pinned (see Figure 3-8) and the 
other one is roller supported (see Figure 3-9). The pinned end can rotate freely about the z-axis 
only and all the three translation and two rotational movements are restricted. The roller end can 
move in the longitudinal direction.  
 
 
Figure 3-7. Three Dimensional 21 feet long 14 bay truss structure 
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Figure 3-8. Pined support of the Truss 
 
     
 
Figure 3-9. Roller end support of the truss 
 
(a)  (b) 
(a) (b) 
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All members are made up of 1045-steel tubes with the internal diameter of 0.617 in and 
external diameter of 0.752 in. The brass collar is provided at both the ends of the tube so that it 
can be connected to a plate at the joint. The joints of the elements are specially designed so that a 
member can be easily removed or replaced to simulate damage without dissembling the entire 
structure. A detailed picture of the joint is shown in Figure 3-10. As can be seen, a truss member 
can be installed/removed by tightening/loosening the collars at the two ends of a member (Figure 
3-10 (b) and (c). 
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(a) Member of truss                                       (b)Truss member with adjustable collars 
 
 
(b) Gusset plate for member connection 
 
              
          (d) Node (outside view)                                                     (e) Node (inside View) 
Figure 3-10. Details of the connection 
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3.3.2 Experimental setup 
The test was performed in structures lab on University of Connecticut, Department of civil and 
Environmental Engineering. Figure 3-11 below shows the connection diagram for the test setup. 
Here VibPilot is the data acquisition system hardware and Smart Office Analyzer (SO Analyzer) 
is the software to control the VibPilot which is used for both, generating the excitation signal and 
measuring the response. Signal conditioner is used as power supply to the sensors. And a 
permanent magnetic shaker is used to excite the system. A excitation signal is generated from the 
SO Analyzer and sent to the amplifier which is used to supply power to the shaker and also to 
amplify the signal. From the amplifier the signal is send to the shaker which is connected to the 
truss with a rod. The shaver starts vibrating causing the truss to vibrate and the accelerometers 
placed on the truss will measure the vibration. The measured vibration is passed through the 
signal conditioner to the SO Analyzer. From SO Analyzer it is then transferred to computer by a 
mini USB cable. All the equipment used in the test is explained in the preceding paragraphs. 
 
Figure 3-11. Connection block diagram for lab test 
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For the excitation of the truss a LDS permanent magnetic shaker V456 was used (see 
Figure 3-12). This shaker has the capacity of maximum force of 110 lbf peak sine thrust with a 
dynamic performance ranging from 5Hz to 7500Hz (http://www.lds-group.com/lds-products-
permanent-magnet-shakers.html). A fan that blows the air inside the shaker was used to keep the 
shaker cool during its use. The shaker is connected to the bottom of the outer panel of the truss 
using a threaded steel rod as seen in Figure 3-12.  
 
 
Figure 3-12. Magnetic shaker with a fan kit for cooling 
 
PCB piezotronics high sensitivity accelerometers (model 353B33) (see Figure 3-13) were 
used to measure acceleration of the test-bed. The accelerometer has a sensitivity of 100mV/g, a 
frequency range of 1 to 4000 Hz, and a measurement range of ± 50g. A reference sensor was 
installed near the steel rod at the bottom plate of the joint to measure the input excitation to the 
structure.  
 
Connecting rod 
Shaker 
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Figure 3-13. Accelerometer with a magnetic base placed on the structure 
 
The most important element of experimental setup is a data acquisition (DAQ) system. 
Two eight-channel hardware platform VibPilot built by M+P international is used for vibration 
control and data acquisition. With 24-bit sigma-delta A/D converters and up to 102.4 kHz 
sampling rate VibPilot allows for alias-protected measurements in a frequency range up to 40 
kHz and more than 120 dB spurious-free dynamic range. Each unit of VibPilot consist of 8 
analog inputs, 2 source output channels, 8 digital inputs and 8 digital outputs. It has USB 2.0 
host interface making it easy to connect to the computer and supports AC/DC supply. ( 
http://www.mpihome.com/english/vibpilot.htm).  VibPilots shown in Figure 3-14 are used as 
data acquisition system. The VibPilot hardware is controlled by the software known as Smart 
Office (SO) Analyzer. The DAQ system was used to generate the excitation function to drive the 
shaker and also to measure the response. The two eight channel VibPilots were connected to 
work as a single unit of 16 channel.  All the 13 channels of response and 1 channel of excitation 
(reference sensor) were measured at the same time using the 14 channels of SO-analyzer.  PCB 
Accelerometer 
Magnetic Base 
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16 channels signal conditioner Model (481A02) (see Figure 3-14) was used to supply the power 
to the sensors. To measure the response clearly the gain from the response measuring sensors is 
amplified 10 times and as the reference sensor was close to the excitation point its gain was 
measured without amplification.  
 
Figure 3-14. Data Acquisition system (VibPilot and Signal Conditioner) 
A professional amplifier (PA1000L) (shown in Figure 3-15) dedicated to LDS permanent 
magnet shaker is used magnify the voltage from the VibPilot to drive the magnetic shaker. This 
is a linear amplifier with very low noise and distortion performance. 
 
Figure 3-15. Amplifier 
VibPilot 
(DAQ) 
  Signal  
Conditioner 
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The sampling rate for all the measurements is 512 Hz. The data was measured 
continuously for 320 seconds .The measured transfer functions, ranging from 0 to 256 Hz, have a 
length of 8192 spectra lines with the frequency resolution as 0.0625 Hz. The hanning window 
(http://www.mathworks.com/help/signal/ref/hann.html) with a 50% overlap is used to compute 
the transfer functions in the SO analyzer. 
 
3.3.3 Modeling of truss on MATLAB® 
The truss was modeled using MATLAB®. The members of the truss were modeled a plane 
truss elements. Right hand rule is used for both global and local coordinate system. The positive 
direction considered was towards right, y upwards and z outwards for both the coordinate system. 
A total of 56 nodes and 160 members were used in the model including 52 horizontal members 
of length 1.5 ft., 54 vertical members of length of 1.291 ft and 54 diagonal members of length 
1.98 ft.  As the members were made up of 1045 steel the modulus of elasticity used was 200 Gpa 
and density of steel was used as 491.43 lb/ft
3
. The members used have an external diameter of 
0.752 in and internal diameter of 0.617 in. For the boundary condition at the roller support all of 
the movements were restrained except rotation about z-axis and for the pin support all of the 
movement were restrained except in x direction and rotation about x-axis. Figure 3-16 below 
shows the model of the truss structure generated by MATLAB® along with the node number. 
Here node number 1 and 29 are pinned support and the node number 28 and 56 are the roller 
support end. 
33 
 
 
Figure 3-16. 3D view of truss bridge modeled on MATLAB®  
 
3.3.4 Modal analysis of the lab-scale truss bridge  
The dynamic characterization of the truss bridge was carried out to find out the modal properties 
of the structures. The truss was excited by random excitation using the shaker and the time 
history data were measured using the accelerometers. Three different cases were run to find the 
Vertical, longitudinal and torsional modes. For the vertical modes 13 accelerometers were placed 
on front face of each upper side node and a reference accelerometer was placed near the 
excitation point to measure the excitation.  
Figure 3-17 shows the layout of the location of the sensors for measurement of vertical 
acceleration and vertical mode shapes where R refers to the reference sensor for input excitation 
measurement. The accelerometers were placed in horizontal direction to get the horizontal mode 
shape and for the torsional mode 14 accelerometers were used where 7 of them were placed on 
the front face and remaining 7 were placed on the back face of the truss. 
 
34 
 
Figure 3-17. Location of sensor for finding vertical mode 
 
The mode shapes obtained from the lab experiments were plotted using MATLAB (see Figure 
3-18 ). The first bending mode of the truss was found to be 16.55 Hz (Figure 3-18 (a)) and the 
second vertical bending mode was found to be at 55.807 Hz (Figure 3-18(b)). 
 
(a) 1st  Bending Mode 
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(b) 2nd Bending Mode 
 
(c) 1st Horizontal Mode 
 
(d) 2nd Horizontal Mode 
Figure 3-18. Vertical Bending and Horizontal modes of Truss 
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Table 3-2 below shows the comparison of natural frequencies of the truss and the respective 
mode shape they govern. After experimentally calculating the natural frequencies and the mode 
shapes of the truss the finite element model was updated to match the experimental natural 
frequency. For the FE updating the lumped mass of the connection plate (0.77 lb) was added to 
each nodal point in the model which gave us the result which nearly equal to the experimental 
values of the frequencies. The small difference in the frequencies even after the model updating 
might be due to the boundary conditions of the physical truss not being exactly represented by 
model. The other reasons for this difference might be due to the constraints in the joints and 
friction in the roller and pin supports. Figure 3-19 shows the bar graph of the match between the 
experimentally and FE updated model.   
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Table 3-2. Comparison of natural frequencies from Experimental and Finite Element 
model 
Natural frequencies 
  
Experimental 
frequencies (Hz) 
Analytical frequencies (Hz) Remarks 
Before FE 
updating 
After FE 
 updating 
1 16.55 18.27 16.073 1
st
 Bending Mode 
2 36.65 41.26 38.413 1
st
 Horizontal/ Torsional 
mode 
3 55.807 64.04 56.899 2
nd
 Bending mode 
4 74.86 70.13 74.87 2
nd
 Horizontal/ Torsional 
mode 
 
 
Figure 3-19. Frequency matching Between Experimental and FE Updated model 
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3.3.5 Validation of wireless hybrid sensing system 
The lab scale testing of the wireless hybrid sensing system was performed by measuring the 
displacement of the boundary condition of the test-bed truss structure. The testing was done for 
two loading cases, i.e. static and dynamic loading. The purpose of which is to show that the 
wireless hybrid sensing system is capable of measuring any kind of displacement either static or 
dynamic with high sensitivity. Figure 3-20 below shows the lab setup for the static displacement 
measurement. The hybrid displacement sensing system was installed on one of the roller support 
of the truss bridge as shown in Figure 3-20 (a). The static load (weight) was applied at the mid-
span of the truss (see Figure 3-20 (b)). The displacement of the support was measured by 
increasing the load from 0 to 110 lbs.  
 
 
(a) Displacement sensor installed at support                  (b) Static load at mid span of truss 
Figure 3-20. Lab setup for displacement measurement due to static loadings 
 
The WHS system was also tested for its ability to measure the dynamic displacement. For 
the dynamic testing the hybrid displacement sensor was installed on the one of the roller support 
with the help of multiple stands and clamps as shown in Figure 3-21. The truss was excited using 
Hybrid displacement 
sensor 
Roller support 
Static load 
(weights) 
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the shaker. As mentioned in section 4.2 the shaker was connected to the truss with the help of a 
small steel rod. SO analyzer was used to generate the excitation signal for the shaker. The truss 
was excited using different types excitation such as random, sine, burst sine etc. and the 
translational displacement of the roller support was measured using the wireless hybrid sensing 
system. The sine and burst sine were excited at the first natural frequency i.e. 16.55 Hz so that 
the maximum displacement could be obtained.     
 
 
Figure 3-21.Test setup for dynamic testing of hybrid displacement sensor 
 
3.3.6 Results 
The result for the static displacement and the best fit regression line is plotted in Figure 3-22. 
From the plot it is obvious that the displacement possesses a linear relationship with the 
increased static loading on the truss.  
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Figure 3-22. Static load vs horizontal displacement of roller support 
 
As mentioned in the previous section different dynamic loads were applied to the truss 
and the corresponding displacement was measured at the roller support with the help of wireless 
hybrid displacement sensing system. The result of the measured dynamic displacement is shown 
in Figure 3-23 below. The very first Figure 3-23(a) shows the displacement measured by the 
hybrid sensing system when there is no excitation on the truss. The overall reading is nearly zero 
but there is some fluctuation in the reading which was caused due to the noise because of 
conversion of analog signal to digital signal by WHS board.  The second plot Figure 3-23 (b) is 
the displacement which is measured by exciting the truss by random vibration the displacement 
measured seems very small due to the fact that the truss being rigid and there was very little 
displacement in the x-direction. Figure 3-23 (c) is the plot of displacement in which the truss is 
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not excited till 8 seconds and it was excited by random vibration after that clearly we can see that 
there is almost zero reading except the noise for the first eight seconds and we can see the 
displacement measured by the hybrid sensor after excitation is started. Figure 3-23 (d) shows the 
excitation of the truss with sinusoidal wave at its first natural frequency resulting in a larger 
displacement. As before the truss was excited by sine function at the frequency of 16.55 Hz, 
which is the first natural frequency of the truss. The excitation was not started till 8 seconds 
which can be clearly seen on the plot as the displacement is almost zero. Then the excitation was 
started which result in the displacement measured up to 0.007 in which is due to the resonance. 
The last Figure 3-23 (e) is the displacement plot due to the 50% brust sine excitation at 16.55 Hz 
excitation. Here also we can see that when there is no excitation the displacement goes to zero 
and measurement is started as soon as the support moves due to the excitation. 
 
 
(a) Displacement Without Excitation 
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(b) Displacement with Random Excitation 
 
(c) Displacement with Random Excitation after 9 sec 
 
 
(d) Displacement with sine excitation @ Natural Frequency 16.55Hz 
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(e) Displacement with 50% Burst sine excitation @ Natural frequency 16.55Hz 
Figure 3-23. Plot of displacement of roller support for different Excitations 
 
Hence the above plot result shows that the developed displacement sensing system is 
capable of measuring the dynamic displacement of any structure. The resolution of the sensor 
being 0.0003 in it is capable of measuring even small displacement with reliable precision level. 
Furthermore, the dynamic performance of the system has been validated using shake table tests 
(see Figure 3-24). Under a 3 Hz sine excitation, the displacement from WHS has been compared 
with the shake table displacement. Figure 3-25 shows the displacement of the shake table and the 
WHS system matches very well.  
 
Figure 3-24. Experimental setup for validation using uniaxial shake table 
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Figure 3-25. Dynamic performance of WHS system 
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4 Multi-scale sensing of in-service highway bridge 
After successful calibration and validation on lab the WHS system was considered for the field 
full scale deployment. For the full scale implementation permission was taken from the 
Connecticut department of transportation and the system was installed in the test bed bridges for 
short term. Meriden Bridge in Meriden- CT on I-91 northbound and Founders Bridge over 
Connecticut River were used as test beds. More details on the deployment, data measurement 
and results are discussed on sections below. 
4.1 Meriden Bridge 
The WHS system was deployed in Meriden Bridge at Meriden CT. This section presents the 
description of type and size of the bridge. In the later section the deployment strategy and data 
collection scheme is described. Finally the section is concluded with result and discussion.  
4.1.1 Test-bed description   
The test-bed bridge is the Meriden Bridge located on I-91 Northbound in the town of Meriden, 
Connecticut. The Meriden Bridge is a single-span multi-girder steel composite bridge (see Figure 
4-1). The bridge is 85 feet long and 55 feet wide. It has an existing wired SHM system consisting 
of data acquisition system and various sensors including strain sensors, accelerometers, and 
temperature sensors. This bridge is part of a Federal Highway Administration (FHWA) funded 
project through the ConnDOT to place a wired monitoring system on this bridge. 
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Figure 4-1.Test bed (Meriden Bridge) 
 
4.1.2 Deployment of the sensors and data collection 
In total 7 sensors were deployed in the Meriden bridge which include five leaf nodes (node id of 
imote2 48, 57, 18, 5, 49), one base station (node id 131) and one multi-scale hybrid sensing 
system (node id 136) was deployed in the bridge. Before the deployment all the sensors were 
prepared in the lab for deployment. LVDT in the hybrid sensing system was placed inside a 
specially designed case (see Figure 4-2) for ensuring safety from environmental factors, dirt and 
dust (see Figure 4-3).  
 
Figure 4-2. Protection Case designed for displacement sensor 
47 
 
 
Figure 4-3. Displacement sensing system placed inside casing 
 
Each of the wireless sensors was placed inside a box and attached to the base of the box 
using epoxy adhesive (see Figure 4-4). Magnets were used for mounting sensors on the bridge. 
Magnets were attached using epoxy to the outer bottom part of the box containing the sensors so 
that they can be attached to the web of the girder in the bridge. 
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Figure 4-4. Preparation of sensors in lab for deployment 
 
 Before the actual deployment on the bridge the sensors were tested in the field for their 
performance. After the test went well all the sensors were deployed in their predefined location. 
Figure 4-5 shows the overall layout of the sensors that were deployed on the bridge.  
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Figure 4-5. location of sensors in the bridge 
  
The 5 leaf node sensors referred as Sensor 1 to 5 were used to record the ambient 
vibration of the bridge due to the traffic loading on the mid girder of the bridge at 5 different 
locations (see Figure 4-6 ). 
 
Base station and Hybrid sensing system      Wireless leaf nodes 
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Figure 4-6. Location of leaf nodes on the bridge 
 
The gateway node was placed near the   base station. The base station (see Figure 4-7) 
was provided with a powerful outdoor directional antenna manufactured by Hawking 
Technologies. The antenna has the frequency range of 2.4 ~ 2.5GHz and a gain of 14dBi, where 
dBi is a measurement unit for antenna strength. The standard factory antenna has the strength of 
2dBi (http://hawkingtech.com/index.php/products/wireless/outdoor_solutions/hao14sdp.html). 
Using this powerful antenna the base station communicates with all the leaf nodes and the 
displacement sensing system.  
Sensor 1  
Sensor 3  
Sensor 2  
Sensor 4  
Sensor 5  
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Figure 4-7. Gateway node with powerful antenna 
The Hybrid displacement sensor is then installed on one of the girder with the help of 
magnets (see Figure 4-8). It was supplied power through the transducer mentioned on section 
3.2.1, through the control box which was installed for existing wired SHM system. The tip of the 
LVDT was placed in contact to the wall of the bridge pier whose displacement is supposed to 
measure.  
Powerful 
Antenna 
Gateway 
Node 
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Figure 4-8. Installation of displacement sensing system 
 
Laptop was connected to the base station and the data was then collected using remote 
sensing command for the wireless sensors. All the leaf nodes measured the 3 channel 
acceleration (x, y, z) and the hybrid sensing system was used to measure the 4
th
 channel i.e. 
displacement. For every test 20,000 data points were measured at the sampling frequency of 280 
Hz. A number of tests were repeated with same data points and sampling frequencies. All the 
data were collected wirelessly through the base station. 
 
4.1.3 Results and Discussion 
The vibration data collected using the 5 leaf nodes and the hybrid sensing system is analyzed to 
get the dynamic characteristics; i.e. natural frequencies and mode shapes of the Meriden Bridge. 
A sample vibration data collected from the bridge under the ambient traffic loading is presented 
in Figure 4-9. The time histories show that the signal in vertical direction is slightly higher than 
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other two orientations. The maximum vertical acceleration value recorded by the sensor is 
approximately 38mg, which most likely corresponds to the passing of large cars or trucks. 
 
 
Figure 4-9. Acceleration of Girder 4 under traffic loads 
 
Figure 4-10 shows the displacement of the abutment wall measured by the hybrid displacement 
sensor installed in the bridge. The sensor measures the relative movement of the bridge deck 
with respect to the abutment. Though the measured displacement is quite small, the capability of 
the developed hybrid sensor to measure the displacement is observed from this deployment. 
From the plot we can see that the maximum relative displacement is around 0.002 inches around 
at 65 second. 
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Figure 4-10. Displacement of the roller condition under traffic loads 
 
The output acceleration data were processed using Natural Excitation Technique in 
conjunction with Eigen system Realization Algorithm (NExT-ERA) to determine the natural 
frequencies and associated mode shapes. For the calculation of power spectral density sensor 1 
was chosen as the reference sensor. This was done by comparing the peak acceleration recorded 
by the sensor and the sensor with highest acceleration was taken as the reference.  
As shown in Figure 4-11, each cross spectral density function shows clearly defined two 
peaks in the frequencies near 4.4 Hz and 13.7 Hz, where the natural modes of vibrations of the 
bridge are expected to exist. The resonant peaks of 4.4Hz and 13.7Hz, are consistently repeated 
in all the signals from the vertical acceleration data from sensors, and are likely to be 1
st
 and 2
nd
 
fundamental modes of the bridge structure (see Figure 4-12).The Natural frequencies and mode 
shapes by the NEXT-ERA method were compared to those by the peak picking method to 
confirm.   
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(e) 
Figure 4-11. Cross spectral density plot 
 
 
(a) First bending mode 
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(b) Second bending mode 
Figure 4-12. First and second bending modes of Meriden bridge  
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4.2 Founders Bridge 
4.2.1 Test-bed description 
The test-bed to demonstrate the WHS system is the Founders Bridge in East Hartford, 
Connecticut (see Figure 4-13 (a)). This bridge is a steel stringer bridge carrying Route 2 
expressway and I-91 (http://en.wikipedia.org/wiki/Founders_Bridge). The total length of the 
bridge is 1185 ft (=358.1 m), and the width is 86 ft (=26.2 m). As of 2005, average daily traffic 
of the bridge was 29,200 (Traffic Volumes State Maintained Highway Network 2006). This 
bridge is chosen as test-bed because of simpler geometry, exposed expansion joint, and closeness 
from the campus. Figure 4-13 (b) shows the expansion joint gap of the bridge to accommodate 
the displacement of the bridge due to various factors such as thermal expansion, shrinkage, 
displacement due to dynamic effect of traffic, etc. Because the expansion joint is accessible 
without any ladder or bucket truck, the deployment of WHS system is convenient. With 
permission from the Connecticut Department of Transportation, who maintains this bridge, the 
deployment the WHS system has been conducted. 
 
   
    (a) Bridge view seen from East Hartford            (b) Expansion joint. 
Figure 4-13. Founders bridge over Connecticut River Deployment 
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The WHS system has been deployed on the central expansion joint of the Founders Bridge. 
Figure 4-14 (a) shows the complete test set up for the displacement measurement including WHS 
system, a laptop, and a power supply. The LVDT is installed at the nearest cross beam to the 
expansion joint. The enclosure of the LVDT is made of PVC pipe with two magnets with 10800 
gauss strength, to provide environmental protection and rapid installation capability without 
damaging bridge surface. The Imote2 and multi-scale wireless sensor board are inside a PVC 
case (see Figure 4-14(b)). The communication between the vibration measurement node and the 
base station is via wireless communication. To correlate the displacement of the expansion joint, 
the temperature of the central stringer has also been measured. The deployment of the whole 
system took 15 minutes.  
 
     
(a) Base station and LVDT                                              (b) Vibration node. 
Figure 4-14. Test setup  
4.2.2 Static displacement  
The displacement of the expansion joint has been measured using the deployed WHS system 
in each 30 minute interval from 8AM to 4PM. To correlate the dynamic displacement and 
acceleration, 100 seconds of dynamic displacement has been recorded, and the average was 
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calculated and plotted in Figure 4-15. Initial increase of displacement during 8AM to 9AM was 
minimal possibly due to the time for convection from the top surface to the stringers underneath. 
As the day advances, the displacement of the expansion joint gradually increased.  
 
 
Figure 4-15. Displacement of expansion joint by hybrid sensor 
 
Figure 4-16 shows the temperature of the central stringer and the average static displacement. 
Overall, the displacement is linearly proportional to the temperature, showing the main source of 
the displacement is thermal expansion of the bridge such that, 
                                                    (4-1) 
where,   is displacement of the expansion joint, T is the temperature of the beam. The 
coefficient of the thermal expansion of steel member is (12x10
-6
/°C), and the span length to 
contribute to the displacement of this expansion joint is 450 ft (= 137.16 m). The measured 
coefficient of thermal expansion is under-estimated possibly due to friction of bearing, changes 
in vertical deflections, and other uncertain factors.  
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Figure 4-16. Linear regression of beam temperature and expansion joint displacement 
 
4.2.3 Dynamic Displacement 
The dynamic displacement of the expansion joint has been correlated with acceleration to 
demonstrate accurate displacement measurement under traffic loading condition (see Figure 
4-17). The ambient vibration without any traffic passage is approximately ~2 mg, while the 
maximum vibration level of the bridge due to the traffic loading is approximately 16 mg at 51 
second, and 17 mg at 62 second, respectively. At these two peak acceleration points, the dynamic 
displacement of the expansion joint are abruptly increased by 0.0051 inches (=0.013 cm) and 
0.0060 inches (=0.015 cm), respectively, showing stable performance of the expansion joint. 
Though dynamic displacement due to traffic loadings is small, it may be used to monitor the 
performance of expansion joint. After test, the retrieval of the whole system took 15 minutes, 
showing the potential of the WHS system for rapid displacement monitoring of expansion joint.  
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Figure 4-17. Dynamic displacement with acceleration at 2:30 pm 
 
4.2.4 Temperature –Natural frequency correlation  
A total of 16 sets of data over eight hour period were collected from 8Am to 4Pm. The data 
collected at different time with different temperature was analyzed to look for correlation 
between temperature and natural frequency. A linear regression model has been developed to 
represent the two natural frequencies as a function of temperature (see Figure 4-18 and Figure 
4-19).  The relation can be mathematically described as         , where   is the mean 
natural frequency and T is the temperature of the steel stringers.  For the first two natural 
frequencies, the functions are:  
 
F1=9.1+0.0017T   (First Natural Frequency: 9.179 Hz)                                                  (4-2) 
 F2=12-0.012T   (Second Natural Frequency: 12.233 Hz)                                              (4-3) 
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Figure 4-18. 1
st
 Natural Frequency variation with Temperature 
 
Figure 4-19. 2
nd
 Natural frequency variation with Temperature 
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The regression analysis shows overall increase in first natural frequency and decrease in 
second natural frequency with temperature. But the previous studies (Liu and DeWolf, 2007) 
have shown the natural frequency decreases with increase in temperature. The difference in our 
case may be due to the data was collected for ambient vibration, temperature is not only one 
factor governing the natural frequency change. As there are vehicles on the bridge it will have 
the increased mass which will change the observed natural frequency of the bridge depending 
upon how many and how heavy traffic is on the bridge at the time of measurement.  
 
4.3 Conclusion 
A highly sensitive WHS system using wireless sensors has been developed combining analog 
displacement sensor and wireless sensor technology. The WHS system was calibrated and 
validated in the lab. The sensing system was used successfully to measure the displacement due 
too static and dynamic force on a lab scale truss bridge. The developed sensor is then deployed 
on an in-service highway bridge to demonstrate its application for the expansion joint monitoring. 
The WHS system is able to measure the displacement up to 6 inches it can be deployed to the 
places where there is possibility of large displacements such as large steel truss bridges. The 
hybrid sensor can also be installed for long term monitoring of steel bridges for studying the 
temperature displacement effect.   
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5 Experimental Validation of Flexibility-based Damage Detection method 
for Lab-scale structure  
In this part of thesis a damage localization using the SDLV method is performed on a lab 
scale structure. A brief summary of the DLV and SDLV methods is given, followed by the 
modal analysis and damage detection procedure using the SDLV method. The test bed for this 
experiment is a 12 bay truss structure. Mass perturbation was used as a damaged scenario. A 
node was selected and mass was added to the node to induce the damage scenario on that node. 
SDLV method was used to locate the mass change location.  
 
5.1 Theoretical Background 
5.1.1 Modal flexibility matrix 
For Completeness, this section discusses about the calculation of modal flexibility matrix and the 
DLV and SDLV method .The modal flexibility matrix (Berman and Flannelly, 1971) is given by 
F = ФΔ-1 ФT = ∑
 
  
 
     Ф Ф
T
     (5-1)  
where, Ф = [φ1…….φm] is the mode shape matrix, φi is the i-th modeshape, Δ = [  
 ] is an 
eigenvalue matrix,    is the i-th angular natural frequency, and Ф
T
 MФ = I, M is the mass matrix. 
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5.1.2 Damage Locating Vector (DLV) method 
The DLV method was proposed by Bernal (2002) based on changes in measured flexibility. The 
basic principle of the DLV method is the computation of a set of vectors, so-called Damage 
Location Vectors (DLVs), which have the property of inducing stress fields whose magnitudes 
are zero in the damaged elements. 
For a linear structure, the flexibility matrices at sensor locations before and after damage 
are denoted as Fud and Fd, respectively. If we collect all the linearly-independent load vectors L, 
which produce the same displacements at sensor locations, they satisfy the following equations: 
                
(5-2)  
With defining Δ F = Fud-Fd, 
∆F   L=0      (5-3)  
In theory, the DLVs are a set of load vectors spanning the null space of this change of 
flexibility matrix in Equation (5-3). The DLVs can be obtained from the outcomes of singular 
value decomposition of ∆F. Each of the DLVs is then applied to the undamaged analytical FE 
model of the structure, and the stress in each structural element is calculated. If an element has a 
zero normalized accumulative stress (NAS), then the element is a possible candidate of damage. 
In practical cases the cumulative stress induced in the damaged structure may not be exactly zero 
due to noise and uncertainties and hence the small value of cumulative stress indicates the 
probable damage location.  
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5.1.3 Stochastic Damage Locating Vector (SDLV) method 
The flexibility matrix is difficult to measure in reality because it requires the input 
excitation. For output-only system identification, Bernal (2006) proposed the SDLV method. In 
this method, Bernal provided a surrogate flexibility matrix which share identical SDLVs with the 
flexibility matrix, using state space representation. In this paper, the SDLV method will be 
applied. The surrogate flexibility matrix (Bernal, 2006) can be calculated as 
       
      
  
                                                                  (5-4) 
where, Cc and Ac are the system realization matrices,  
p=0, 1, or 2, depending on whether the realization matrices are obtained from the analysis  
of displacement, velocity, or acceleration data, 
  
 = pseudo inverse of     , 
       =[
    
   
    
  ]         (5-5) 
and, 
 =[
 
 
]         (5-6) 
 Where I is the identity matrix and 0 is the zero matrix 
In SDLV method, the surrogate flexibility matrices before and after damage are used to 
determine the stochastic DLVs, because they share the properties of the original DLV in damage 
detection. 
For both DLVs and SDLVs, the NAS at the potentially damaged locations should be zero; 
however, it may not be exactly zero in experimental studies due to measurement noises and 
uncertainties. Thus a damage detection criterion for potentially damaged elements (Bernal, 2006) 
is employed,  
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   {        |       }    (5-7) 
where, WSI is weighted stress index, a summation of normalized accumulated stress (NAS), tol 
is the threshold value for damage localization. In this paper, the tolerance value can be 
determined using 
                     (5-8) 
The weightage for the WSI is usually assumed as unity. 
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5.2 Experimental Setup 
Figure 5-1(a) and (b) below shows the experimental set up on the lab scale truss bridge for 
the damage detection. 12 sensors were used to measure the vibration of the truss, excited by a 
permanent magnetic shaker. Among 12 accelerometers 11 of the were used to measure the 
response on the bottom nodes of front face of the truss and one reference accelerometer was 
placed near the shaker for input excitation measurement. Identical shaker, sensors and data 
acquisition system mentioned on section 3.3.2 were used for this experiment.  
 
 
(a)  
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(b)  
Figure 5-1. Experimental set up for damage detection 
 
5.3 Results and Discussions 
The vibration test was done on the truss structure for the system identification of a base line 
model. The system identification was performed using NExt/ERA method and the base line 
frequencies and mode shapes were identified. After baseline system identification the damage 
were induced as the added mass on one of the node (node no 37) (see Figure 5-4). The damage 
scenario includes addition of masses of 3kg, 6kg, 9kg and 12kg on the baseline truss structure.  
SDLV method was used to locate the damaged or added mass location. At first we looked at the 
shift in natural frequency as we know that natural frequency is inversely proportional to the mass, 
natural frequency should decrease as the mass is added to the truss. Table 5-1 below shows the 
natural frequencies for different cases of added mass. We can see that the natural frequencies 
decrease as the mass is increased. 
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Table 5-1. Shift in natural frequencies due to added mass 
    Added Mass 
    Baseline (0kg)  3 kg 6kg 9kg 12kg 
N
a
tu
ra
l 
F
re
q
u
en
ci
es
 f1 (Hz) 20.97 20.28 19.53 19.08 18.48 
f2 (Hz) 39.59 38.20 37.90 36.38 35.82 
f3 (Hz) 74.05 74.06 74.02 74.00 73.88 
f4 (Hz) 91.74 91.52 90.28 90.00 87.75 
 
Figure 5-2 shows the change in the four natural frequencies with addition of the masses. 
 
 
(a) Decreasing trend in natural frequencies 
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(b) Percentage change in natural frequencies 
Figure 5-2. Frequency change due to addition of mass on the truss 
 
Figure 5-3 (a) shows the shift in natural frequencies as the mass is added to the structure. We 
can see the clear shift of the frequency. Figure 5-3 (b) shows the zoomed in view for shift in 
natural frequency for the first bending mode. 
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(a) Cross Spectral density for different added mass cases 
 
(b) Zoomed in section of CPSD at first natural frequency 
Figure 5-3. CPSD showing shift in natural frequencies 
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The SDLVs were calculated from the vibration data as mentioned in section 5.3.1. Two 
SDLVs were used as the static load at the sensor locations on a FE model of the truss structure. 
The stress on each member due to those SDLVs were obtained and normalized with respect to 
the highest stress to get the normalized stress index (NAS) or damage index. This procedure was 
repeated for all the added mass cases.  
 
 
Figure 5-4. MATLAB FEM model of 12 bay truss structure 
 
Figure 5-5 shows the node where the mass was added (i.e. node no 37) and the participating 
members to hold the added mass. Figure 5-6 (a) shows the When we look at the lower chord 
members for the NAS we can see that member participating in the load i.e. members 69 and 65 
have very low stress suggesting the damage location see Figure 5-6 (b).  
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Figure 5-5. Members participating on added mass 
The Test was conducted for 4 different cases of added mass of 3kg, 6kg, 9kg, and 12kg. 
Looking at the NAS we can see that the elements sharing the added load have the lower stress 
indicating the damage location. The cutoff for the threshold is calculated to be 0.1. If we look at 
the NAS of the members 65, 68, 69, 103, 126 showed the lower stress showing the participation 
on the additional loading and it is valid for each case we discussed here. Figure 5-6 to Figure 5-9 
shows the NAS plotted for 4 different cases. 
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Case 1:- 3kg of added mass 
 
(a) NAS for all elements on the truss structure
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(b)  NAS on the lower front horizontal members 
 
(c)  NAS for all the members near the added mass 
Figure 5-6. NAS for 3kg added mass 
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Case 2:- 6kg of added mass 
 
(a) NAS for all elements on the truss structure
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(c) NAS on the lower front horizontal members 
 
 
(c)  NAS for all the members near the added mass 
Figure 5-7. NAS for 6kg added mass 
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Case 3:- 9kg of added mass 
 
(d) NAS for all elements on the truss structure
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(e) NAS on the lower front horizontal members 
 
 
(c)  NAS for all the members near the added mass 
Figure 5-8. NAS for 9kg added mass 
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Case 4:- 12kg of added mass 
 
(f) NAS for all elements on the truss structure
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(g) NAS on the lower front horizontal members 
 
(c)  NAS for all the members near the added mass 
Figure 5-9. NAS for 12kg added mass 
 
5.4 Conclusions 
From this lab scale experiment we were able to find the damage or mass perturbation 
location. Hence SDLV method can find the damage location. The damage detection test was 
performed for 4 different scenarios of added mass and SDLV method was able to identify the 
damage /added mass location for all the case. 
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6 Experimental Validation of Flexibility-based Damage Detection method 
for In-service Highway Bridge 
In this part of the thesis a practical damage detection strategy for field in-service highway 
bridges based on long-term SHM data under operational loads has been developed using the 
SDLV method. The test bed is a multi-span skewed steel box girder bridge located in Hartford, 
CT, which has been continuously in service to date. A long-term monitoring system had been 
installed earlier as a collaborative research between the University of Connecticut and the 
Connecticut Department of Transportation. A series of long-term ambient vibration data during 
2001-2005 are examined to localize damage on the target bridge using the SDLV method. The 
damage detection results are then provided with the correlation with physical evidences. The 
challenges of full-scale SHM of in-service highway bridges are discussed with future works. 
 
6.1 Test Bed Bridge Description: Flyover Bridge 
The Flyover Bridge is a curved, multi-span, continuous, double steel box-girder bridge with 
composite deck, located at Hartford, CT (see Figure 6-1). The bridge connects I-84 East to I-91 
North. The bridge was constructed in 1990, has curb to curb width of 28.6 feet, and an overall 
length of 1726 feet. The bridge has nine spans consisting of three sets of simply supported 
continuous steel box girder units, each consisting of two boxes.  The bridge is supported by tall 
circular reinforced concrete columns.   
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Figure 6-1. Aerial view of Flyover Bridge (Google Earth-2012) 
  
A long-term SHM system was installed as a part of the collaborative research between 
UConn and Connecticut department of transportation (DeWolf, 2005) The SHM system can 
measure acceleration triggered by possible truck passage and corresponding temperature, and 
tilts of piers and decks. A schematic of the bridge with sensor locations of accelerometers and tilt 
meters is shown in Figure 6-2. All sensors are located in the southern box girder of the middle 
continuous span except one accelerometer which is in northern box girder. The tilt meters and 
accelerometers are located along the length of the bridge, while all the temperature transducers 
are located at the mid-span cross-section of span 4.  Six accelerometers employed to measure 
vertical accelerations (AV1, AV2, AV5, AV7, AV8) and two measure horizontal accelerations 
(AH3, AH6).  The piezoelectric accelerometers with ±1.5g peak amplitude and bandwidth of 
0.01 to 1200 Hz.  
Flyover Bridge 
I84 
I91 
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Figure 6-2. Geometry and sensor locations in the flyover bridge 
 
Eight Resistive Thermal Devices (RTD) temperatures were installed across mid-section on span 
4. The schematic of the RTD temperature sensor locations is shown in Figure 6-3. The 
temperature transducers measure ambient and inside deck temperatures. Of the eight RTD 
temperature transducers, two measure the concrete deck temperature (R2, R7), four measures the 
temperature in the steel tub corners (R1, R3, R4, R8), and the other two (R5, R6) record ambient 
temperature both inside and outside of the box girder. 
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Figure 6-3. Locations of Temperature sensors (Virkler and DeWolf, 2004) 
 
The tilt meters ranging ± 3° (T1, T2, T4, T5 and T6) are located at the columns while tilt 
meter 3 (T3) is located mid-span on Span 4.  The tilt and temperature measurements were 
collected synchronically every 10 minutes. The sensors used for the monitoring of the bridge are 
shown in Figure 6-4 to Figure 6-6 (Virkler and DeWolf, 2004). 
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Figure 6-4. Tiltmeter 
 
 
Figure 6-5. Accelerometer 
 
Figure 6-6. Temperature Sensor 
 
With the deployed SHM system, a long-term continuous monitoring has been started 
since 2001. Virkler and DeWolf (2005) compared the variation in the temperature through the 
cross section and observed the maximum temperature difference of approximately 30ºF with the 
greatest differential during the winter months. The researcher observed that the temperature and 
tilt have the inverse relation (see Figure 6-7). They observed the strong correlation between the 
girder rotation and the ambient temperature.  
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Figure 6-7. Comparison of Temperature with Tilt (Virkler and DeWolf, 2005). 
 
Virkler and DeWolf reported a diagonal cracking of internal columns (4
th
 and 5
th
 columns 
as shown in Figure 6-8), reasoning these due to longitudinal temperature variations over time. 
Temperature increase created longitudinal forces as a result of the constraints at adjacent piers 3 
and 6.  
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Figure 6-8. Cracked internal column due to change in temperature (Virkler and DeWolf, 
2005) 
 
In addition to the daily tilt changes, a permanent shift in tilt measurements were observed 
between October 2002 and May 2003 (Olund 2006) See Figure 6-9. Therefore, the long-term 
monitoring data have been considered to investigate the efficacy of damage detection algorithm 
for in-service highway bridge.  
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Figure 6-9. Tilt meter reading and the permanent tilt (Olund, 2006) 
 
6.2 Damage detection criterion using the SDLV method 
Though the SDLV method has strong potential for damage detection, practical application 
for the full-scale bridges is not straightforward. The theoretical aspect of SDLV method has been 
discussed in the previous section 5.1.2. The long-term data should be considered with 
environmental effects. This section shows the step-by-step procedure of damage detection 
procedure from raw data to damage indices (see Figure 6-10).  
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Data Repository 
The first step is data acquisition from the installed sensing system. In this step, abundant amount 
of data can be deposited in the main PC of the long-term SHM system for multiple years of 
operation. The acceleration and temperature data were bundled in a folder with the measurement 
date. In this paper, the accelerations at eight sensor locations were collected for 30 seconds in 
91.91 Hz when the traffic triggers sensing with the pre-determined threshold of 0.0095g. In each 
month for 5 years of measurement, more than 30 sets of data were measured in terms of the 
number of triggers. Temperature was measured at the beginning of the acceleration measurement, 
and tilt was measured once in ten minutes continuously for 5 years. 
 
Data Categorization 
The sets of data are categorized in terms of environmental constraints. Because temperature has 
strong impact on changes of modal properties, the data sets measured in similar temperature 
were categorized using sorting function in MATLAB. It was observed that the temperature data 
set of November 2001 and October 2003 showed strong similarity. Therefore, 7 acceleration-
temperature data sets measured in November 2001, and 7 acceleration-temperature sets measured 
in October 2003 were considered for investigation. The 2001 data represent the baseline structure, 
and the 2003 data represent the damaged counterpart. In general, once the baseline data sets at 
specific   temperatures are prepared, the new data sets at similar temperature can be considered 
for damage localization. 
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Statistical Modal Analysis 
The next step is output-only modal analysis using natural excitation method in conjunction with 
Eigensystem realization algorithm (NExT-ERA) (Juan and Pappa, 1996). Each acceleration time 
history is processed to calculate natural frequencies and operational mode shapes. Due to   
environmental factors and variable traffic loads, the obtained modal properties are expected to be 
variable. In this paper, the modal properties in terms of temperature have been calculated. The 
average and standard deviation of mode shapes are also calculated.  
 
SDLV Calculation 
Based on the modal properties in each temperature, the SDLVs have been calculated based on 
the procedure in Section 5.1.2. The output-only system identification results were employed to 
calculate the surrogate flexibility matrices for undamaged structures in 2001, and damaged 
structures in 2003. The SDLVs are then obtained by the singular value decomposition of the 
residual surrogate flexibility matrix. 
 
Damage Localization via FE Analysis 
The SDLV method is a model-based method, which requires a refined FE model representing the 
physical structure. In this paper, a refined ANSYS model of the test bed was constructed and 
updated to match the modal properties, as well as material properties and physical performances 
of the test bed, which will be described in later section. The calculated SDLVs are now applied 
on the FE model of the undamaged structure as static loading. The stress results from the FE 
analysis are processed to calculate the NAS. Finally, the threshold for decision is calculated 
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using Eqn (5-8) provided in section 5.1.3. The lower NAS than the threshold are determined as 
potential damaged elements. 
 
Figure 6-10. Flow Chart of Damage Detection 
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6.3 Modal Analysis 
To show overall data quality of the measured acceleration, a sample time histories are provided 
in Figure 6-11. The data was measured in November 2001 at 44.52°F. The horizontal 
accelerations measured at AH3 and AH6 are within ±3mg, and the vertical accelerations are 
within ±10mg. As the accelerations in horizontal direction are smaller than the vertical 
accelerations, and which may have smaller signal to noise ratio assuming uniform level of 
measurement noise for both horizontal and vertical acceleration, only vertical accelerations are 
considered for modal analysis. 
  
 
  
(a) Vertical accelerations. 
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(b) 
Horizontal accelerations. 
Figure 6-11. Acceleration time histories at 44.52°F 
 
It is not always possible to use the forced vibrations to excite the structures for SHM or 
system identification purpose especially for the full scale structures that is why researchers were 
concerned to use the ambient vibrations (wind, traffic, etc.) as excitation for the system 
identification. One of the examples of such method to use the ambient vibration when the input 
is unknown for system identification was developed by James et al (1992, 1993). The cross 
spectral density (CSD) functions of the vertical accelerations are shown in Figure 6-12. Since the 
input excitation is not available for this ambient vibration monitoring data, a sensor in the mid 
span (AV2) was chosen as the reference sensor, which has the highest modal amplitude. With 
smaller energy in the horizontal directions, only vertical accelerations have been considered for 
detailed modal analysis. 
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(a) Vertical acceleration 
 
(b) Horizontal acceleration 
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Figure 6-12. Cross spectral density (CSD) functions. 
 
In total, 14 sets of data have been analyzed using NExT-ERA (Juang and Pappa, 1985). 
The obtained natural frequencies and mode shapes have been confirmed in comparison with the 
results with the peak picking method for robustness. The obtained first three natural frequencies 
are averaged. The average natural frequencies in November 2001 are 1.56 Hz, 2.118 Hz, and 2.9 
Hz; while, the average natural frequencies in October 2003 are 1.556 Hz, 2.138 Hz, and 2.918 
Hz as shown in Table 6-1. Only the first natural frequency was decreased, while other natural 
frequencies were increased.  
 
Table 6-1. Comparison of change in natural frequencies before and after tilt 
Natural Frequencies Nov 2001 (Hz) Oct 2003 (Hz) Differences (%) 
1
st
 Bending Mode 1.560 1.556 -0.26 
2
nd
 Bending Mode 2.118 2.138 0.95 
3
rd
 Bending Mode 2.900 2.918 0.63 
 
Figure 6-13 shows the calculated mode shapes of span 4 and 5 before and after tilt.  
Figure 6-13 (a) shows the comparison of the first bending mode shape of the bridge before and 
after the tilt is noticed i.e. mode shape on November 2001 and mode shape on October 2003. 
Similarly, Figure 6-13 (b) and (c) show the comparison of second and third bending mode shape 
of the bridge before and after tilt occurred. Therefore, the changes of modal properties in 2001 
and in 2003 do not provide specific information of structural condition. For more information of 
probable damage locations, the SDLV method was applied. 
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(a) First bending mode 
 
 
(b) Second bending mode 
 
 
(c) Third bending mode 
Figure 6-13. Comparison of mode shapes before and after tilt 
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6.4 Full-scale Damage identification using SDLV method 
Based on the long-term data measured from the Flyover Bridge, full-scale damage 
identification has been conducted using the practical damage detection strategy. Because the 
SDLV method is the model-based algorithm, a refined FE model was constructed, and updated 
based on the measured data (Mensah-Bonsu and Jang, 2012). For completeness, a brief summary 
of the FE model has been described. The statistical modal analysis of the bridge has been 
provided, followed by the damage detection results at various temperatures.  
 
6.4.1 FE modeling and multi-scale updating 
An initial model of the flyover bridge was constructed in Ansys (ANSYS
1
) with the engineering 
design drawing specifications. Updating was first carried on the boundary conditions by using 
correlation between cyclical thermal behavior and tilt at the supports. After this, a sensitivity-
based optimization was carried in Ansys to select the optimum material properties. The process 
iteratively selected the model that also retains evidence of physical connectivity with the real 
structure. The parameters used for the flyover bridge FEM model were its boundary conditions, 
concrete density (ρ), elastic modulus (E) (which is a function of parameterized concrete 
compression strength, fcˊ) and Poisson ratio (v). The material properties of steel members were 
not parameterized for the baseline model, because they are not prone to the uncertainty compared 
to the surrounding the concrete properties. 
Boundary conditions (BCs) are first considered for updating, because it is directly related 
to the stiffness of a structure. The initial BCs are selected based on the design specification of 
actual boundary conditions. For example, the rotational bearings are modeled as BC with vertical 
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DOFs restrained, simple pin supports are modeled as the BC with all translational DOFs are 
restrained. The BC are further refined after a parametric study of the lowest three natural 
frequencies in terms of constraints.  
 Once the boundary conditions were updated based on FEM model and experimental data, 
the FEM model has been further updated based on the sensitivity of the modal properties to the 
material properties (Young’s modulus as a function of concrete strength, density, Poisson ratio). 
The density and the Young’s modulus mostly contributed to the changes in the modal properties. 
 Based on the sensitivity analysis, the FE model has been updated using Genetic 
Algorithm. Uncertainty about the gross density of the highly reinforced concrete deck is also 
seen to be a major updating parameter for the baseline model. The natural frequencies of the 
updated baseline and of the field measurement matched exactly for the 1
st
 and 3
rd
 modes, and 
closely matched for the 2
nd
 mode within 2% (see Figure 6-14). Therefore, a refined FE model for 
further damage detection is prepared. Further detail could be found in Mensah-Bonsu and Jang 
(2012). 
 
Figure 6-14. Natural frequency comparison after model updating (Mensah-Bonsu and 
Jang, 2012) 
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6.4.2 Basic temperature trends and data selection for analysis 
For the damage detection procedure the data from two different times should be compared 
but the data should be collected under similar condition. As the change in temperature alters the 
modal properties of the system, the data set with similar temperature were selected. For that the 
temperature data set of November 2001 and October 2003 showed strong similarity which were 
used for the analysis. Figure 6-15 and Figure 6-16 show the Basic temperature trend when the 
data was collected. For the comparison and data analysis the temperature measured by 
thermometer R6 i.e. ambient air temperature of the air is used as reference. The data measured at 
similar temperature were selected using MATLAB for 2001 and 2003 respectively. Comparison 
was done for within the same temperature data set. 
 
Figure 6-15. Temperature data of November 2001 
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Figure 6-16.Temperature data October 2003 
 
6.4.3 Damage identification using SDLVs 
Based on the modal analysis results, the damage identification procedure using the SDLV 
method has been applied. For each data set, surrogate flexibility matrices were calculated before 
and after the tilt. Based on the surrogate flexibility matrices, the load vectors are obtained, and 
they are applied to the updated FE model stated in Section 4.1. The stress induced at every node 
due to the individual load vector is determined. The stresses were normalized with respect to the 
maximum absolute value of induced stress. Finally, the normalized stress is accumulated for 
each point and again normalized with respect to the maximum absolute value which gives us the 
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value of normalized accumulative stress (NAS). The absolute value of NAS is the final damage 
index to locate the possible damage location.  
The calculated damage indices for various temperatures are shown in Figure 6-17. The 
NAS of each sensor locations at different temperature (°F) in ascending order are shown. For 
each set, a different threshold is calculated based on the NAS. Based on the threshold of each set, 
the potential damaged regions can be identified. AV7 has always the maximum NAS showing 
low possibility of damage at Span 5. In most cases, AV1, AV2, AV4, AV5 have low stresses.  
 
 
Figure 6-17. Damage Indices at various temperatures 
 
For better statistical understanding, the average NAS with standard deviation are 
calculated for those cases in Figure 6-18. The standard deviations of NAS are the smallest at 
AV7, the largest at AV8. The average NAS considering the standard deviation at sensors AV1, 
AV2, AV4, AV5 are consistently lower than approximately 0.2, showing the possibility of 
stiffness reduction at the mid span. Therefore, span 4 overall, where the sensors AV1, AV2, AV4, 
AV5 are located, is selected as the potential damaged locations.  
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Because the measured data are historic data without visual inspection report, the 
immediate correlation with physical bridge status was not provided. However, later years, the 
expansion joint of the span 4 was determined to be misaligned and finally recently retrofitted in 
spring, 2012 (ConnDOT, 2012). Usually, the damage of the support condition considerably 
affects the structural behavior and dynamic characteristics. Considering the possibility of gradual 
damage of the expansion joint of the span 4 at Pier 3, consistent alarm in AV1~AV5 could have 
shown the possibility of damage of the superstructure either in the deck or the support toward 
Pier 3. Therefore, the damage detection results using the developed strategy showed a potential 
to be used for the field bridge monitoring applications, though some challenges and limitations 
should be further studies and addressed. 
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(b) Average NAS with standard deviation 
Figure 6-18. Average damage index (NAS). 
 
6.5 Challenges and future works 
The SDLV method was able to show rough locations of problematic area of the test bed; still, 
challenges and limitations lie in the procedure. This section describes the challenges and needs 
for the full-scale damage detection applications for in-service highway bridges. 
 
6.5.1 Number of sensors 
The number of sensors employed in this paper was sparse with only 6 sensors. Considering the 
fact that damage is intrinsically local phenomenon, a dense array of sensor network is desirable. 
In reality, the budget for SHM system is limited in general. With a few sensor channels, rough 
location of damage may be determined as shown in this paper; however, more channels of 
sensors are recommended for thorough and accurate damage localization and quantification. To 
overcome the issue, the usage of wireless smart sensor network is suggested because of its low 
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cost nature in equipment and installation, as well as its multi-functionality in communication and 
processing. 
 
6.5.2 Data quality 
Data acquisition parameters were limited for accurate damage detection. During early 2000s, the 
technology of accurate data acquisition was limited. Because of the limited memory, the highest 
sampling rate to measure 30 seconds of vibration data from 8 channels of sensors were 91.92 Hz. 
It was still enough to capture first three natural frequencies of the test bed; however, higher 
sampling rates of 256~1024 Hz are desirable to catch higher vibration modes than the third 
modes, and to detect impact truck loads for performance monitoring purposes. The upgrade of 
the data acquisition system of the test bed was completed based on the sampling rate 
consideration, and further data measurement is underway. 
 
6.5.3 Needs for FE model 
The flexibility-based damage detection method like DLV method is one of model-based 
algorithms, requiring a refined FE model. Often times, simplified model built in Matlab® are 
used for damage detection with small errors; however, a refined FE model helps accurate 
damage detection results. To achieve this goal, a refined FE model in ANSYS® was constructed 
and updated based on multi-scale measures including material properties, dimensions, and other 
design specifications to match the modal properties of the model and the measured data. For in-
service highway bridges, constructing FE model and updating using optimization are 
computationally expensive and complicated procedure. However, FE model is required for 
accurate damage localization and qualification of the extent. Therefore, a bureaucratic assistance 
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from bridge Design Company or local state government to obtain enough information is 
recommended. Example information items are bridge drawing with material properties, baseline 
FE model, preliminary measurement data, visual inspection history, etc. 
 
6.5.4 Consideration of variable traffic loads 
The SDLV method is based on the random vibration theory with stationary time history. The 
measured acceleration data are assumed to follow broad band stationary random process.  
However, traffic-induced vibration is non-stationary in nature due to time dependence. Most 
signals used in this paper are chosen almost-stationary data with wide band properties. In this 
case, the damage detection results were consistent as shown in the results. Application of damage 
detection algorithms for non-stationary data processing for the test bed is also underway. 
 
6.6 Conclusions 
A full-scale damage localization of the SDLV method on an in-service skewed highway bridge 
in Connecticut was demonstrated based on a long-term measured data. Based on large data 
repository from the previous bridge monitoring project was employed. To extract meaningful 
information from the data repository, a practical damage detection strategy was proposed using 
traditional modal analysis using NExT-ERA method, and a flexibility-based damage detection 
method, the SDLV method. For damage localization, and further damage quantification, a 
refined FE model was also constructed and updated. With the proposed damage detection 
strategy, rough damage locations were identified, showing a potential of this strategy for full-
scale damage detection practice. Based on the results, the challenges and future work on full-
scale damage detections were identified; dense array of sensors are desirable; higher sampling 
109 
rate are recommended; and consideration of non-stationary of measured signal are recommended. 
Therefore, this paper provides a demonstration of full-scale damage detection application using 
the SDLV method based on long-term monitoring data of an in-service curved highway bridge.  
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7 Conclusions and Future work 
The research in thesis was successful to develop a wireless hybrid sensing (WHS) system for 
the displacement monitoring with high sensitivity, low cost, minimum installation time during 
the field deployment. The developed WHS system was useful for displacement measurement of 
the expansion joints of full-scale bridge structures. The developed system has a range up to 6 
inches which can be used for the measurement of large expansion joint displacement of steel 
bridges due to temperature. The SDLV method was employed for the full scale in-service 
highway bridge to locate the possible place for the damage. Data collected previously for the 
monitoring purpose was analyzed and compared for the damage localization. The result was 
compared to the visual inspections. The future work includes deployment of WHS system for 
long term monitoring of bridge expansion joint, and integration of other analog sensing systems 
including the strain sensor and others. As WHS system is able to measure the dynamic 
displacement of a bridge expansion joint due to the passage of vehicle over the expansion joint. 
The measures dynamic displacement can be used to back track the load induced by the passing 
vehicle on the expansion joint. 
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Appendix I: Fabrication of Truss Bridge 
 
The Truss bridge used for all the lab experiments mentioned above was fabricated and 
assembled at University of Connecticut. The pictures below show the step by step assembling of 
the truss from a single member to lab scale 14 bay truss system. 
 
 
Figure A- 1. Assigning the design length to the members 
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Figure A- 2. All the finished members ready to be assembled 
 
 
 
 
Figure A- 3. A small Sample truss assembled to check 
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Figure A- 4. Assembling a 3 panel truss members 
 
 
 
Figure A- 5. Few more assembled panels 
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Figure A- 6. Assembling the roller support 
 
 
 
Figure A- 7. Two half faces of the truss 
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Figure A- 8. Two faces of the truss ready to be assembled 
 
 
 
Figure A- 9. Two half of the truss with stand  
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Figure A- 10. Mid-section of the truss to be connected  
 
 
 
Figure A- 11. Truss being prepared for spray painting 
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Figure A- 12. Truss after being painted 
 
 
 
Figure A- 13. Finally truss moved to structures lab 
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Figure A- 14. A lab scale 14 Bay truss ready for test in lab   
 
 
 
Figure A- 15. Truss equipped for the system identification test 
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Appendix II : Manual for Wireless Hybrid Sensors 
1. Hardware connection 
The hardware connection consists of connection of LVDT to the leaf node sensor board. The 
sensor board has the 3 channels of on board accelerometers and one channel of analog input can 
be connected to the sensor board. The voltage change due to the displacement of LVDT is fed 
into the fourth channel of the sensor board. The analog voltage signal is digitized by the ADC on 
the sensor board. The digitized values are changed to displacement value by using the calibration 
equation from section Appendix III. 
There are few things that should be considered while connecting LVDT signal to wireless 
sensor board. The back side of Power supply of the LVDT has two five pin connection port. In 
one port transducer (LVDT) is connected and the other port act as output from where analog 
voltage can be read. The output port has 5 pins (see Figure A- 16) among then only two pins 
(+ve and –ve) are useful. 
 
Figure A- 16. Input and output port of Power supply 
The +ve and –ve signal from the output port of Power supply is fed into the 4th analog 
channel of the wireless system. The Sensor board analog signal input channel has four pins 
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labeled as VCC, GND, SIG- and SIG+ as shown in Figure A- 17. The +ve signal fron the power 
supply is connected to the SIG+ pin of the sensor Board and –ve signal from the  power supply is 
connected to SIG- and GND pins on sensor board. Now the connection from LVDT to wireless 
sensor is ready. 
   
 
Figure A- 17. Analog Channel input Wireless Sensor board 
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The details of the connection are provided on the schematic below. 
 
Figure A- 18. Connection details for WHS system 
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2. Software operation  
For the wireless sensing the IMOTE2 wireless smart sensor developed by MEMSIC 
(http://www.memsic.com) is used. This board is programmed to interact with the sensor board 
using TinyOS 1.x (http://www.tinyos.net), an open source software currently used to program the 
IMOTE2. TinyOS 1.x is a Linux based operating system generally used to program sensors and 
sensor boards. This program is designed to be used on a Linux platform; however, it can be used 
on a Windows platform, through Cygwin (http://sourceware.org/cygwin). Cygwin is an open 
source program that simulates a Linux shell which requires command-line instructions. More 
details about installing and configuring the development environment for IMOTE2 can be found 
on http://shm.cs.uiuc.edu/AdvancedUser.html. This Getting Started for Advanced Users and 
Developers guide helps the user setup the IMOTE2 and the PC environment, install the ISHMP 
library, and test applications. The user guide basically covers following things.  
 
o installing the software needed to work with the Imote2 
o connecting the Imote2 to the computer 
o interfacing with the Imote2 
o Installing the ISHMP Toolsuite. 
o Running a test application using an Imote2 and an attached sensor board. 
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Figure A- 19.  Cygwin windows for remote sensing  
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Figure A- 20. Setting leaf nodes for remote sensing 
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Figure A- 21. Setting remote sensing parameters 
131 
 
Figure A- 22. Starting remote sensing 
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Figure A- 23 Measuring data by remote sensing 
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Figure A- 24. Successful completion of the measurement 
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Figure A- 25. Retrieving data after finishing of measurement 
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Figure A- 26. Measured raw data saved in text file 
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Appendix III: Calibration  
The developed wireless hybrid sensor has been calibrated. Calibration is a process of mapping 
raw readings given by a sensor into a correct value by comparison between measurements taken 
by the sensor and a standard device. Calibration is a basic requirement for the any measurement 
system. Calibration of any digital sensors including the wireless sensor is technically a 
challenging task primarily due to the existence of random noise (Feng et. al., 2003).   
 
 
Figure A- 27. Connection details for hybrid sensing system 
 
Calibration of wireless hybrid sensing system 
Calibration of the high resolution displacement sensor i.e. LVDT with respect to voltage was the 
first task for wireless hybrid sensing system calibration. The LVDT was calibrated in lab by the 
traditional way of calibration in which a known displacement is given to the LVDT and the 
change in voltage is measured. The input voltage used for the LVDT as power supply was 24V 
Transducer 
Output analog signal 
connected to Sensor board 
Power supply to LVDT 
Analog signal connected to the 
4th channel of wireless sensor 
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DC.  Since the used LVDT was DC the change in DC voltage due to the displacement of tip of 
the LVDT was measured using a multimeter. The displacement was increased by 0.05 in and the 
corresponding change in voltage was recorded. The range of LVDT used was 6 in; therefore, 
total 120 readings were taken and plotted (see Figure A- 28). From this plot, the voltage based on 
displacement or vice versa can be determined.  The R
2
 value in the graph is the square of data 
correlation coefficient which is a measure of correlation between two plotted variables. 
 
 
Figure A- 28. Calibration of analog displacement sensor 
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y = 2.7876*x - 8.9834
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Secondly the multi-scale sensor board was calibrated with respect to voltage. For this 
calibration a known voltage is applied to the multi-scale sensor board (mentioned in section 3) to 
the 4
th
 channel which is capable of measuring analog signal. Since the working range of wireless 
sensor is ±10V the voltage with in this range was applied for the calibration. The voltage was 
regulated by the LVDT which is mounted on a lab jack (see Figure A- 29).  
 
   
                        (a)                                                                           (b) 
Figure A- 29. (a) Multiscale sensor Board with analog signal input, (b) Lab setup for 
calibration of WHS board with respect to Voltage. 
 
The corresponding sensor board readings for the applied known voltage were recorded. 
Several sets of data with more than 4000 data points on each set were collected for every voltage 
input and averaged to get the average value. The test was repeated till the average values 
recorded were almost same every time. The averaged sensor board reading for increase in 
Sensor Board 
Voltage 
(Analog signal)  
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voltage was plotted to get the linear plot as shown in Figure A- 30. Using the plot below the 
readings of WHS board can be converted into the input voltage.  
 
Figure A- 30. Calibration of wireless hybrid sensor board 
   
Finally, the calibration for the hybrid sensing system is achieved by combing the 
traditional calibration and WHS board calibration (see Figure A- 31). Now the WHS board 
reading value can be converted into the displacement value using the calibration plot below. The 
final resolution of the displacement that hybrid sensing system can measure is calculated to be 
0.0003 in. 
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Figure A- 31. Calibration of hybrid sensing system 
 
Confirmation of the calibration result 
The calibration is tested on a simple rig using a lab jack and a digital dial gauge (see Figure A- 
32). The result was compared with the experimentally observed values and values calculated 
using the calibration graph.  
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Figure A- 32. Lab setup for the testing of the calibration 
 
Table A- 1 is presented as the test of calibration for its accuracy. The first column of the 
table shows the reading taken by WHS system. The second two columns consist of the voltage. 
The voltage was measured in the experiment directly by using a multi-meter and also calculated 
theoretically from the calibration plot (Figure A- 30). The next two columns of the table consist 
of the displacement. The displacement is induced using the lab jack which is measured with the 
help of digital dial gage of resolution 0.0001 in. The displacement is also calculated from the 
calibration plot (Figure A- 31). The last two columns of the table compare the result for 
percentage error in voltage and displacement respectively. The percentage error for the 
experimentally measured and the theoretically obtained voltage and displacement from the 
calibration plot seems very small. The percentage error for the voltage lies within 0.91% and the 
percentage error for the displacement lies within 1.18%. The percentage error in the 
LVDT 
Digital 
dialgauge 
Multimeter 
Lab  
jack 
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displacement is higher than that in voltage due to accumulation of error. The comparison of the 
displacement measured by a dial gage (with resolution 0.0001in) and calibration chart is shown 
in Figure A- 33.  
Table A- 1. Confirmation of Calibration on a simple rig 
WHS 
Reading 
Voltage (V) Displacement (in) % Error 
From Graph  
(Calibration  
chart) 
Experimental  
(Voltmeter  
reading) 
From 
Graph  
(Calibratio
n  
chart) 
Experiment
al 
(Dial gage  
Reading) 
Voltage 
Displ
acem
ent 
-3430.810 -3.355 -3.356 0.000 0.000 0.02 0.00 
-3255.390 -3.220 -3.218 0.049 0.049 -0.06 0.97 
-2526.520 -2.658 -2.660 0.250 0.250 0.08 0.11 
-1644.450 -1.978 -1.981 0.494 0.500 0.16 1.18 
-535.893 -1.123 -1.122 0.801 0.810 -0.10 1.17 
548.120 -0.287 -0.286 1.101 1.111 -0.43 0.92 
1478.328 0.430 0.434 1.358 1.363 0.91 0.00 
2378.790 1.124 1.130 1.607 1.612 0.50 0.33 
3648.205 2.103 2.104 1.958 1.962 0.04 0.22 
4172.615 2.508 2.512 2.103 2.114 0.18 0.53 
5321.671 3.394 3.392 2.421 2.430 -0.04 0.35 
6435.760 4.253 4.249 2.729 2.741 -0.084 0.428 
7250.862 4.881 4.875 2.955 2.968 -0.124 0.437 
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8316.513 5.703 5.699 3.249 3.263 -0.066 0.411 
 
 
 
Figure A- 33. Comparison of calibration chart with dial gage measurement 
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